Although a growing number of studies have found a relationship between delayed appropriate antibiotic therapy and mortality, few have attempted to quantify the temporal association between delayed appropriate antibiotic therapy and mortality. This study was designed to measure the elapsed time associated with an increased risk of 30-day mortality among patients with Pseudomonas aeruginosa bacteremia. The retrospective cohort study was conducted among immunocompetent, adult patients with P. aeruginosa bacteremia onset at least 2 days after hospital admission between 1 January 2001 and 30 September 2006. Classification and regression tree analysis (CART) was used to identify the delay in appropriate antibiotic therapy that was associated with an increased risk of 30-day mortality. During the study period, 100 patients met the inclusion criteria. The CART-derived breakpoint between early and delayed treatment was 52 h. The delayed treatment group experienced a >2-fold significant increase in 30-day mortality compared to the early treatment group (44 and 19%, respectively, P ‫؍‬ 0.008). Delayed appropriate therapy of >52 h (odds ratio [OR] ‫؍‬ 4.1; 95% confidence interval [CI] 1.2 to 13.9, P ‫؍‬ 0.03) was independently associated with 30-day mortality in the multivariate analysis. Antibiotic resistance >3 classes (adjusted OR [AOR] ‫؍‬ 4.6; 95% CI ‫؍‬ 1.9 to 11.2, P ‫؍‬ 0.001) and chronic obstructive pulmonary disease (AOR ‫؍‬ 5.4; 95% CI ‫؍‬ 1.5 to 19.7, P ‫؍‬ 0.01) were independently associated with delayed appropriate therapy of >52 h. The data strongly suggest that delaying appropriate therapy for approximately 2 days significantly increases the risk of 30-day mortality in patients with P. aeruginosa bloodstream infections.
The lifesaving benefits of prompt, appropriate therapy are well documented (1, 4-7, 9, 11-15, 17) . The study by Kollef et al. (9) was one of the first to highlight the relationship between inadequate antimicrobial treatment of infection and hospital mortality for patients requiring intensive care unit (ICU) admission. The findings of Kollef et al. have been replicated by other investigations in various clinical settings. Although the literature is still developing, the data suggest that inappropriate empirical antibiotic therapy for those with Pseudomonas aeruginosa bacteremia is a key determinant of mortality risk (1, 6, (15) (16) (17) .
A growing number of studies have found a relationship between delayed appropriate therapy and mortality (1, 4-7, 9, 11-15, 17) , but many differentiating factors remain unexplored. Previous studies have primarily examined the appropriateness of the first antibiotic regimen, the adequacy of therapy at the time of microbiologic identification and antibiotic susceptibility profile reporting, or the selected predefined time to appropriate therapy windows (24 h, 48 h, etc.) (1, 4-7, 9, 14-17) . To date, few researchers have attempted to measure the elapsed time before appropriate antibiotic therapy that is associated with increased mortality (13) . Thus, the delay in appropriate antibiotics associated with an increased mortality remains unresolved and largely unknown for many types of infections or organisms, including P. aeruginosa bloodstream infections. The present study quantifies the delay before appropriate therapy associated with an increased risk of 30-day mortality among patients with P. aeruginosa bacteremia.
MATERIALS AND METHODS
Study population. The present study was performed at the Albany Medical Center Hospital, a 651-bed teaching hospital in Albany, NY. Patients with a positive P. aeruginosa blood culture between 1 January 2001 and 30 September 2006 were included if they were (i) Ն18 years old, (ii) non-neutropenic (absolute neutrophil count of Ն1,000 cells/mm 3 ), (ii) the P. aeruginosa bloodstream culture met the Centers for Disease Control and Prevention criteria for infection (3) , (iv) infection occurred Ն2 days after hospital admission, and (v) patients did not have cystic fibrosis. We excluded neutropenic patients because we wanted to examine a homogeneous patient population. We excluded patients who developed their P. aeruginosa bloodstream outside of the hospital because it is difficult to accurately note the time between bacteremia onset and initiation of treatment for these patients. If a patient had more than one episode of P. aeruginosa during a hospitalization, only the first episode was considered.
Study design. A retrospective cohort analysis was performed to evaluate the effect of delayed treatment on 30-day mortality secondary to P. aeruginosa bacteremia. Classification and regression tree analysis (CART) was used to identify the time delay in appropriate antibiotic therapy that was associated with an increased risk of 30-day mortality. Specifically, CART was used to analyze the duration of time that elapsed between the collection of index P. aeruginosa blood culture and the administration of appropriate antibiotic treatment and to identify the temporal breakpoint that maximized the difference in 30-day mortality, thereby dividing the study population into two groups: those with a high likelihood of 30-day mortality (delayed treatment) and those with a low likelihood of 30-day mortality (early treatment) (13, 18) . Clinical characteristics associated with the delayed treatment group selected by CART were also examined to identify potentially modifiable predictors of delayed therapy.
Data. The following data were obtained for each patient from the medical record by trained medical abstractors: age, sex, comorbidities, healthcare contact within 180 days of admission, length of hospitalization for the index admission prior to collection of P. aeruginosa blood culture (total and ICU, when applicable) hospital unit at P. aeruginosa blood culture collection (ICU versus non-ICU), mechanical ventilation at collection of P. aeruginosa blood culture, severity of illness prior to P. aeruginosa blood culture (as calculated by the acute physiology and chronic health evaluation [APACHE-II] score) (8) , microbiologic data, and treatment data.
The following comorbid conditions were documented: chronic obstructive pulmonary disease (COPD), diabetes mellitus, heart failure (New York Heart Association classes II to IV), hepatic dysfunction, renal failure (as indicated by the necessity for dialysis), and presence of decubitus ulcers (stages II to IV).
Prior healthcare exposure was defined as any healthcare institution exposure for Ͼ72 h in the 6 months prior to index hospitalization. The APACHE-II score was calculated using the highest values in the 24 h prior to collection of the P. aeruginosa blood culture (8) .
Microbiologic data. Microbiologic data included the date, time, and susceptibilities for all positive P. aeruginosa cultures. Susceptibility testing was done by the Kirby-Bauer method and interpreted according to Clinical and Laboratory Standards Institute guidelines (2) . Intermediate results were considered resistant.
For the purpose of this analysis, each of the following represents an antipseudomonal drug class: piperacillin-tazobactam, cefepime, imipenem/meropenem, ciprofloxacin, tobramycin, and amikacin. It should be noted that several formulary changes occurred during the study period. For example, meropenem was replaced with imipenem in February 2004 during a supply shortage, and then the hospital switched back to meropenem when the drug supply stabilized a year later. Susceptibility was based on the formulary agent from each respective class at the time of P. aeruginosa culture collection.
Treatment data. All antimicrobials administered were noted, including the date, time, dose, route, and duration. Culture-to-antibiotic time was measured in hours and represented the difference in time between collection of the first positive P. aeruginosa blood culture and appropriate antibiotic administration.
Two factors determined the appropriateness of treatment: susceptibility and timeliness. If a patient received at least one intravenous antibiotic to which the P. aeruginosa blood isolate was susceptible within the CART-defined early time period, it was considered appropriate early treatment. An example of "delayed treatment" would be a patient with a piperacillin-tazobactam resistant, imipenem-susceptible P. aeruginosa bacteremia who was initially treated with piperacillin-tazobactam but did not receive imipenem until some time after the CART-defined breakpoint. Monotherapy with an aminoglycoside was not considered appropriate therapy. Concomitant therapy with an aminoglycoside or fluoroquinolone was deemed "combination therapy" if both agents (i) had activity against the recovered P. aeruginosa bloodstream isolate, (ii) were provided within the CART-derived breakpoint, and (iii) were administered for Ͼ24 h. We further stratified the data to evaluate the impact of time to appropriate therapy within the CART-derived breakpoint (e.g., Ͻ12 h, 13 to 24 h, and 25 to 52 h).
Outcomes assessment. The primary outcome measure was 30-day in-hospital mortality after the index P. aeruginosa blood culture collection. Due to the retrospective nature of the study, we did not attempt to determine whether 30-day mortality was attributable to the P. aeruginosa bloodstream infection. We believed this allowed for an objective assessment of the 30-day mortality endpoint.
Data analysis plan. Categorical variables were compared by the Pearson 2 or Fisher exact test, and continuous variables were compared by the Student t or Mann-Whitney U tests. We used CART software (Salford Systems, San Diego, CA) to identify the time to appropriate therapy breakpoint. The CART time point was identified by using the goodness-of-split statistic (18) . The c-statistic, representing the area under the receiving operating characteristic (ROC) curve, was used to assess calibration and discrimination of the CART-derived hour breakpoint compared to other time to appropriate therapy breakpoints before and after the CART-derived hour breakpoint. A higher c-statistic (area under the ROC curve) represents a more favorable discriminator (10) .
Logistic regression was used to identify variables independently associated with 30-day mortality. All variables associated with 30-day mortality in the bivariate analysis (P Յ 0.1) were included at model entry, and a stepwise approach was used to identify independent predictors of 30-day mortality. Variables were retained in the final model if the P value was Յ0.05. All calculations were performed with SPSS version 11.5 (SPSS, Chicago, IL) and CART software (Salford Systems).
RESULTS
During the study period, 100 patients met the inclusion criteria, and the clinical characteristics for this population are presented in Table 1 . Of the 100 patients, 31 died within 30 days of culture collection. Overall, the antibiotic susceptibility was Ͻ70% for aztreonam, ciprofloxacin, meropenem/imipenem, and piperacillin-tazobactam; amikacin was the only agent with Ͼ90% susceptibility (Table 2) . Of the 100 cases, 41 were fully susceptible to all agents studied. Over half were resistant to at least two antipseudomonal classes, 19% were resistant to at least five drugs, and two cases were resistant to all seven agents studied ( Table 2) .
The time breakpoint derived by CART to delineate the risk of 30-day mortality was 52 h; 52 patients (52%) received ap- Patients with delayed appropriate treatment for Ͼ52 h had a Ͼ2-fold significant increase in 30-day mortality than patients who received timely appropriate therapy within 52 h (43.8 and 19.2%, respectively; P ϭ 0.008). Examination of the different time delays to appropriate therapy within the 52-h CARTderived breakpoint is shown in Fig. 1 . Of the 52 patients, 26 received appropriate antibiotics within 12 h, 5 received appropriate antibiotics between 13 and 24 h after index blood culture collection, and 21 received appropriate antibiotics between 25 and 52 h after index blood culture collection. The 30-day mortality rates were similar for all groups within the 52-h CARTderived breakpoint, and a higher 30-day mortality rate was observed when the length of delay exceeded 52 h (P ϭ 0.03, using linear-by-linear association). Comparison of the c-statistics (areas under the ROC curves) between the CART-derived hour breakpoint and the other time-to-appropriate-therapy hour breakpoints are shown in Table 3 . The CART-derived breakpoint of 52 h provided the best discriminating area under the ROC curve and was the only c-statistic that was significantly different from the null hypothesis area of 0.5. The next optimal discriminating c-statistics were all in close proximity to the CART-derived breakpoint of 52 h. Alteration of therapy to an appropriate regimen after the 52-h time point did not impact the outcome. Among the 48 subjects that did not receive appropriate therapy within 52 h of culture, 28 ultimately received appropriate therapy. There was no difference in 30-day mortality among delayed treatment patients that ultimately received appropriate therapy and those that did not receive appropriate therapy (39.3% versus 50.0%, P ϭ 0.5).
The relationship between clinical features and 30-day mortality is shown in Table 4 . In the bivariate analysis, length of hospitalization prior to index blood culture collection, mechanical ventilation at index blood culture collection, and APACHE-II score were significantly associated with 30-day 95% CI ϭ 1.1 to 16.5; P ϭ 0.03). The APACHE-II score was modeled continuously, such that the AOR was representative of a one-point increase (Table 5) .
Of the 52 patients that received early appropriate treatment, 23 (44.2%) received ␤-lactam with an aminoglycoside, and four patients (7.7%) received combination therapy with a ␤-lactam and fluoroquinolone. Twenty patients (38.5%) received ␤-lactam monotherapy, and five (9.6%) received fluoroquinolone monotherapy. No significant differences in 30-day mortality were detected among these regimens. Of the 23 patients who received combination therapy with a ␤-lactam and an aminoglycoside, 5 died. This is comparable to the 5 patients that died among the 20 patients who received ␤-lactam monotherapy.
The relationship between appropriate therapy within 52 h and number of resistant classes among P. aeruginosa bloodstream infections is shown in Table 6 . A significant relationship (P ϭ 0.007) was observed between the number of resistance classes and appropriate therapy within 52 h; the proportion of patients who received delayed appropriate treatment increased as the number of resistance classes increased. Among clinical features, COPD, APACHE-II score, and an antibiotic resistance of Ն3 classes were the only variables significantly associated with delayed appropriate therapy of Ͼ52 h in the bivariate analysis. In the logistic regression, antibiotic resistance Ն3 classes (AOR ϭ 4.6; 95% CI ϭ 1.9 to 11.2; P ϭ 0.001) and COPD (AOR ϭ 5.4; 95% CI ϭ 1.5 to 19.7; P ϭ 0.01) were independently associated with delayed appropriate therapy Ͼ52 h (Table 7) . We performed an additional logistic regression analysis that included both COPD and antibiotic resistance of Ն3 classes at logistic regression model entry and delayed treatment for Ͼ52 h was still an independent predictor of 30-day mortality at the same level of significance using both a stepwise and the standard approach to identify independent predictors. Furthermore, COPD and an antibiotic resistance of Ն3 classes were not independent predictors of 30-day mortality in these supplemental logistic regression analyses.
DISCUSSION
This study sought to identify the critical delay in appropriate therapy associated with an increased risk of 30-day mortality among patients with P. aeruginosa bacteremia. Using CART, patients who experienced delayed appropriate treatment for 52 h or more were at greatest risk for 30-day mortality and had a Ͼ2-fold significant increase in 30-day mortality compared to patients who received appropriate therapy within 52 h. Delayed appropriate therapy for 52 h was independently associated with 30-day mortality in the multivariate analysis. Furthermore, examination of the different time delays to appropriate therapy within the 52 h CART-derived breakpoint revealed that 30-day mortality was relatively flat (ϳ19%) across all groups (Fig. 1) , and no additional elevation in 30-day mortality was noted when appropriate therapy was delayed for 12, 24, or 52 h. Lastly, compared to other time-to-appropriatetherapy hour thresholds, the CART-derived 52-h breakpoint had the optimal discriminating c-statistic (area under the ROC curve). Collectively, these data strongly suggest that delaying appropriate therapy for approximately 2 days significantly increased the risk of 30-day mortality in patients with P. aeruginosa bloodstream infections. Our results are generally consistent with three recent studies that evaluated the relationship between delayed appropriate therapy and mortality among hospitalized patients with P. aeruginosa bloodstream infections (6, 15, 16) . In a study by Micek et al. of 365 subjects, inappropriate antibiotic therapy at the time of P. aeruginosa susceptibility reporting was identified as an independent predictor of hospital mortality in a multivariate analysis (15) . Considering that microbiologic identification is typically available 2 to 3 days after index blood culture collection, these findings are consistent with the results of our study. Our results differ slightly from a study by Kang et al. of 136 subjects (6) . These researchers found that failure to provide effective antimicrobial therapy within 24 h after blood culture samples were obtained was highly predictive of 30-day mortality (AOR ϭ 4.6; 95% CI ϭ 1.2 to 18.1; P ϭ 0.03). There are several plausible explanations for the observed differences. First, these authors included patients who presented to the hospital with bacteremia (both community-and nursing homeacquired cases). We excluded patients who developed their P. aeruginosa infections outside of the hospital because it is difficult to accurately note the time between bacteremia onset and initiation of treatment for these patients. Second, Kang et al. included neutropenic patients, and we excluded this population. Third and most important, Kang et al. did not formally attempt to determine the precise delay associated with an elevation in 30-day mortality. They did, however, note that the 30-day mortality was almost identical between patients who received appropriate therapy within 24 h of blood culture collection (27.7%) and patients who received appropriate therapy 24 to 72 h after blood culture collection (31.3%). Further, Kang et al. also reported that 30-day mortality began to rise once the delay in receiving appropriate antibiotics exceeded 72 h. This finding is highly consistent with the relatively flat 30-mortality among all patient groups within the 52 h CARTderived breakpoint observed and area under ROC curve analysis noted in our study and supports the 2-day time-to-therapy window we describe here.
Our findings also differ slightly by the study by Osih et al. of 167 subjects (16) . That study evaluated the effect of inappropriate empirical therapy on mortality for patients with P. aeruginosa bacteremia, where empirical was defined as the therapy received before the receipt of final antibiotic susceptibility testing results. Osih et al. further divided the empirical therapy time window into three periods and evaluated the association between inappropriate therapy in each time period with patient mortality. Although they observed a correlation between increasing mortality and increasing duration of inappropriate empirical therapy, the observation was not statistically significant. In contrast to our study, Osih et al. included patients who developed bacteremia within the first 2 days of hospital admission. Because these patients may be receiving antibiotic treatment later in their disease progression than patients who developed P. aeruginosa bacteremia while in the hospital, the inclusion of these patients may explain why a statistically significant association was not observed. Furthermore, in the study by Osih et al. 86% of patients received appropriate empirical therapy versus only 52% of patients who received appropriate therapy within 52 h in the present study. The difference in selection criteria may account for the discrepancy between the two studies.
We also evaluated risk factors for delayed therapy for Ͼ52 h and found that antibiotic resistance to multiple drug classes was the most important determinant of delayed therapy. This observation is not surprising because antibiotic resistance to multiple classes limits treatment options and our ability to deliver timely appropriate treatment. Knowledge of institution-specific risk factors for multidrug resistance should be considered when initiating empirical antimicrobial therapy. Patients with COPD were also found to be at an increased risk of receiving delayed therapy, and this is consistent with our previous evaluation of patients with methicillin-resistant Staphylococcus aureus bacteremia (13) . These patients most likely harbor resistant pathogens and efforts should be made to ensure that such patients are evaluated thoroughly and receive timely and adequate empirical therapy.
There are several limitations to the present study that should be noted. First, the P. aeruginosa blood culture data were collected from a single site; institutional differences in prescribing patterns, antibiotic formularies, and patient populations may affect the applicability of these results to other institutions. Further larger-scale, multicenter studies are still needed. Second, our study excluded neutropenic patients, and thus these results cannot be generalized to this patient group. Third, institution-specific antibiotic practices may impact the likelihood of delayed treatment; such practices may benefit from review to maximize the likelihood of early appropriate treatment. Another limitation is the small population size in the bivariate comparison of 30-day mortality between treatment regimens. Although no difference in 30-day mortality was noted between combination therapy and monotherapy, further study is still needed to adequately address this issue.
In conclusion, we quantified here the adverse impact of antimicrobial treatment delayed for more than 52 h. Clinicians must ensure prompt administration of appropriate therapy 
